disease and Parkinson's disease are among the 10 leading causes of death in the United States, with healthcare costs totaling more than $200 billion annually.
8À11 Understanding the molecular mechanisms responsible for the aggregation of metastable soluble proteins into highly ordered cross-β fibrils is central to the prediction and treatment of these diseases. 4, 6, 12 Indeed, stabilizing nontoxic, soluble forms of these proteins has emerged as a viable and potentially general therapeutic strategy. 13, 14 Amyloid-β (Aβ) peptide, the main component of insoluble plaques in the brains of Alzheimer's disease patients, 1 is one of the most studied amyloid peptides. 15À18 Despite years of study, many questions about the in vivo mechanism of Aβ fibrillization remain unanswered.
In vitro, Aβ peptide undergoes a nucleationlimited polymerization process to form fibrils. 19, 20 Depending on the solution conditions and the peptide sequence, the nucleation step requires a critical concentration for fibrillization. 12, 19, 21, 22 However, the critical concentration is usually much higher than the concentration of Aβ peptide under physiological conditions (nanomolar range). 23 In vivo, membrane-mediated fibril formation can provide an alternative pathway, with potentially lower barriers for fibrillization.
Previous studies indicate that membraneÀ amyloid interactions can modulate fibrillization by increasing the local concentration and inducing a preferred orientation in the bound proteins. 12 ,24À26 Pronchik et al. 27 demonstrated that the presence of hydrophobic interfaces can accelerate fibrillization. Shen et al. 28 showed that the existence of a mobile fibril precursor near a surface determines fibril formation ability, particularly when the solution concentration is below the critical concentration. These results reveal the importance of interactions of amyloid peptides with surfaces and interfaces in mediating fibril growth at physiologically relevant concentrations. However, the detailed mechanism of surface-mediated fibril growth remains unexplored and merits further investigation.
It has been suggested that Aβ oligomers and protofibrils formed during the nucleation stage are neurotoxic and may be the main cause of Alzheimer's disease. 15, 16, 29 Due to limitations in existing experimental techniques, it is extremely difficult to determine prefibrillar structures and understand the mechanisms by which surfaces affect the early stages of fibril growth at the nanoscale. Fluorescence-based techniques, 20 ,30À33 solid-state NMR spectroscopy, 17 and 2D infrared spectroscopy 34, 35 are common methods used to study fibril growth, but labeling and staining can potentially alter the interactions at surfaces. Other label-free methods, such as quartz crystal microbalance measurements 36 and electron microscopy, 37 are only feasible on specific substrates. Atomic force microscopy (AFM) is a powerful imaging technique for studying prefibrillar and fibrillar nanostructures on various surfaces, either in air or in an aqueous environment.
28,38À52
For example, Mastrangelo et al. 41 measured soluble Aβ 42 oligomers adsorbed on mica using high-resolution AFM and Adamcik et al. 42 studied fibril structures with statistical analysis. This technique can also be used to study the growth rate of fibrillar structures if they are adsorbed on a surface. For example, Kowalewski et al. 39 and
Blackley et al. 40 imaged the time evolution of fibril formation on mica, and Jeong et al. 48 monitored secondary nucleation in an in situ measurement. However, imaging these nanostructures under liquid is not easy due to the instability of the microscope as well as the motion of the fibrils during imaging. Therefore, only relatively large structures can be imaged. Furthermore, if the AFM scanning rate is comparable to or slower than the fibril growth rate, the results may be hard to interpret. Additionally, the peptides may adhere to the AFM tip and reduce the resolution or produce artifacts. On the other hand, drop-casting solutions for imaging under dry conditions can present other types of artifacts, such as rapid deposition of peptides in some areas of the surface and inhomogeneous drying. Therefore, it is imperative to develop sample preparation methods that allow one to control important variables such as surface concentration, deposition rate, and substrate interactions. Here, we present a simple method that allows one to control these variables independently, which allows us to reliably study surface-mediated fibril formation using AFM. We show that on surfaces where the peptide can freely diffuse, amyloid protofibrils rapidly self-assemble, even when the solution concentration is well below the critical concentration for nucleation. Under these conditions, the nucleation stage is bypassed and amyloid protofibrils form through a process that resembles diffusionlimited aggregation. 53 We construct the phase diagram of the final fibril length and show that the morphology of the fibrils on the surface is strongly correlated with the local concentration of peptides adsorbed on the surface.
RESULTS AND DISCUSSION
Fibrillar Structures Do Not Exist in Solution. In order to demonstrate surface-mediated self-assembly, we chose a simple peptide system, Aβ 12À28 , a fragment of the wild-type Aβ peptide that contains the main sequence for cross-β aggregation. 37, 54 Solutions of this Aβ fragment with concentrations between 0.33 and 10 μM were prepared in Milli-Q water (see Materials and Methods section for details). Cryogenic transmission electron microscopy (cryo-TEM) images showed no evidence of fibrillar structure in the 10 μM sample solution (Supporting Information Figure S1 ). The solutions with varying peptide concentrations were then used to prepare self-assembled fibrils on mica substrates by slowly drying the samples, as shown schematically in the top row of Figure 1 . Only the 10 μM sample solution was used in our spin-coating experiments, depicted at the bottom of Figure 1 . Inhomogeneous Morphologies Form on the Surface after Slow Drying. Three 50 μL droplets of the sample solution were deposited on freshly cleaved mica and allowed to slowly dry over about ∼2.5 h. Figure 2AÀF shows the various forms of fibrils, monolayers, and multilayers that were observed on the surface of these films (more images are shown in Supporting Information Figure S2 ). This ensemble of morphologies can be classified based on the fibril length, l, and thickness, h. The structures can then be categorized as short fibrils with l < 1 μm and h < 0.5 nm (Figure 2A ), long fibrils with l > 1 μm and h < 0.5 nm ( Figure 2BÀD ), monolayers with random patterns and h < 1 nm ( Figure 2E ), and multilayers with random patterns and h > 1 nm ( Figure 2F ). Fibrillar structures were observed on the surface at all initial solution concentrations except for the highest concentrations of 6.67 and 10 μM, where multilayers predominated (see Supporting Information Figure S2 ).
While fibrils were observed on the mica surface using the slow-drying method, we were unable to further study the specific conditions that lead to the rapid fibrillization, due to lack of control over the process. For example, the shrinking of the bulk droplet on the surface during the slow-drying process may gradually increase the peptide's concentration at the edge of the droplet, resulting in a high local concentration and inhomogeneous distribution of the peptides on the surface. As a result, it was impossible to distinguish structures that formed before drying, when the surface coverage was homogeneous, and structures that formed during drying as a result of the increased local concentration. Other techniques usually used to quickly remove excess water suffer from similar problems. Brief descriptions of these techniques and the resulting morphologies are given in the Supporting Information. Similar to slow drying, the resulting morphologies are not homogeneous and depend strongly on the method used to dry the sample.
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Drying Process Can Be Controlled via Spin-Coating. In order to probe the mechanisms leading to self-assembly and fibril formation, important variables such as the surface and bulk concentrations, the deposition rate, and the duration of the deposition need to be controlled independently. We used spin-coating to control the drying process and maintain uniform surface coverage during self-assembly. A combination of certain prespin incubation times and spin rates allowed for precise control of the peptide concentration on the surface and, therefore, the aggregate morphology, as schematically shown in Figure 1 . Figure 2GÀL shows some of ARTICLE the structures obtained after spin-coating. When the spin rate was slow (1000 rpm), homogeneously distributed fibril-like structures were observed on the surface. The structures grew in length with longer incubation times ( Figure 2GÀI ). In contrast, at the fast spin rate (3000 rpm), globular structures predominated on the surface of all samples. At zero incubation time ( Figure 2J ), the samples did not contain the other types of nanostructures observed under slow-drying and slow-spinning conditions, while some fibrillar structures were observed underneath the globular structures at longer incubation times ( Figure 2K,L) . We note that under the two spin rates used in this study, 1000 and 3000 rpm, the drying time was 3 min and 30 s, respectively. This defined the shortest incubation times available in these experiments and effectively increased the incubation times reported in Figure 2 .
Rapid Spinning Can Elucidate Bulk Structure. Spin-coating involves dispensing a solution onto a substrate, then spinning to achieve a uniform film or uniform surface coverage. During fast spinning, the centrifugal force is strong enough to break the solution film into many small droplets on the surface, as shown schematically in the bottom of Figure 1 . Because of the low bulk concentration, each droplet may contain a dilute mixture of monomers, oligomers, and micelles. Rapid drying under fast-spinning conditions prevents the peptides from further rearrangement and self-assembly and allows us to study the structure of the peptides as they existed in solution ( Figure 2J ). The fact that fibrils are not observed in these samples further confirms that the original solution is fibril-free. When the samples are incubated for 30À60 min ( Figure 2K,L) , some peptides are deposited on the surface and have a chance to selfassemble before the droplet is broken and rapidly dried. In contrast to the nonincubated case, the fact that here we observe fibrils underneath globular structures provides strong evidence that the fibrillar structures formed during incubation. This suggests that during the incubation period some peptides were adsorbed on the surface and had a chance to diffuse and selfassemble on the surface before rapid drying by fast spinning.
Local Concentration Determines the Morphology on the Surface. Below, we discuss the details of the assembly process using the data obtained by the slow-drying and the slow-spinning processes. The observation of various morphologies for a single bulk concentration during slow drying indicates that the bulk concentration does not play a major role in the surface-mediated self-assembly of these peptides. The variations in the morphology are instead probably correlated with the local concentration of peptides, which can strongly vary on the surface due to inhomogeneous drying and coffee-stain effects during slow drying, 55 as shown schematically in the top of Figure 1 . The morphological heterogeneity observed within a sample, such as the 3.33 μM sample with long fibrils, monolayers, and multilayers (Supporting Information Figure S2 ), implies that the local concentration may determine the observed morphologies. When the local concentration was too high, monolayers or multilayers formed, while at lower local concentrations, elongated fibrillar structures were observed. We note that all of these fibrils rapidly formed at a 0.33 μM concentration, which is much lower than the critical micelle concentration of Aβ 42 in buffer solution (17.5 μM).
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Nucleation-Free Fibrillization on the Surface. As shown in Figure 2G , we observed fibrillar structures on the mica surface even for the shortest incubation time possible in our experiment, the ∼3 min drying time for the slowspinning process. Therefore, the lag time usually observed for the nucleation process in solution is either too short to be observed or entirely absent. Furthermore, fibrils of all lengths and sizes were formed by slow drying at concentrations that are too low for nucleation-limited fibril formation in solution. Therefore, our data suggest that the nucleation step is bypassed during surface-mediated self-assembly and another process is responsible for such unprecedented rapid fibril formation rates. The self-assembly on the two-dimensional surface is governed by the translational motion and conformational rearrangement of peptides during the incubation and drying. Two factors that can affect such self-assembly are the deposition and the surface diffusion rates. 53 The local number density depends on the flux of incoming molecules during the incubation period and the adsorptionÀ desorption rate. The strength of the interaction with the surface is important in the adsorption rate of the peptides, which can enhance fibril formation rate. However, the rapid growth of the fibrils, as shown in Figure 2 , indicates that the peptides can diffuse on the substrate and form hydrogen bonds after self-assembly, which indicates low barriers for surface diffusion and rearrangement, despite high adsorption rates. Phase Diagram for the Surface-Mediated Self-Assembly. In order to quantify the relationship between surface coverage and self-assembled morphology, each AFM image taken after slow drying (included these shown in Figure 2AÀF and Supporting Information Figure S2 ) was analyzed as follows. Two important parameters, the surface coverage and the two-dimensional number density, were calculated. The former is defined as the percentage of the image area occupied with nanostructures, and the latter is the average number of molecules per unit area of the same image, that is, the two-dimensional concentration. Comparing these two parameters can distinguish between monolayers, where the two parameters are fully correlated, and multilayered structures, where the surface coverage is at almost 100%. Figure 3 illustrates the correlation between the surface coverage, the number density, and the observed morphologies. As the number ARTICLE density or the surface coverage increases, the morphology changes from short fibrils to long fibrils, to monolayers, and eventually multilayers. well-packed, and cover a large surface area. Second, the regions of well-packed long fibrils and monolayer overlap around a number density of 10 5 μm À2 . In this region, the deposition rate is high and the initial alignment of the fibrils on the surface probably determines the final morphology. Spin-Coating Can Be Used To Control Fibril Morphology and Phase. Further characterization of the observed morphologies required controlled deposition afforded by spin-coating. In order to compare the results of experiments under slow-drying and slow-spinning conditions, the slow-spinning data were analyzed in the fashion described above and added to the data presented in the phase diagram of Figure 3 . These data points strongly follow the same trend and provide additional confirmation that the surface coverage and number density are good indicators of the observed morphologies. In contrast to the slow-drying conditions, the morphology of the slow-spinning aggregates can be precisely controlled using variations of 
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the solution concentration and the incubation time, thereby controlling the deposition rate and local concentration. This provides a unique form of control over important variables for the surface-mediated selfassembly of these peptides. The slow-spinning samples (fibrillar structure in Figure 2H ,I and Supporting Information Figure S4 and Figure S5A ) can also be compared with samples prepared using conventional methods of drying ( Figure S5 ), as well as the slow-drying samples (multilayers in Figure S2AÀC ) with the same initial bulk concentrations. These comparisons show the clear advantage of this method over other sample preparation methods in keeping the surface morphology uniform and intact. Under the slow-spinning conditions, the surface is uniformly covered with only one structure and inhomogeneous coverage and coffee-stain effects can be completely prevented.
All Fibrils Formed Are One Monomer Thick. To further understand the surface-mediated fibrillization process, we analyzed the statistics of the height and the length of the fibrils as a function of time. The height of the fibrils, determined from line profiles of the AFM images, is 3.0 ( 1.0 Å ( Figure 4B ). The mean height of the fibrils can also be derived from fitting two Gaussian functions to the height histogram, as shown in Figure 4C . These measurements are consistent with the image processing and lead to a thickness of 2.2 ( 1.0 Å. Thus, these fibrils can be classified as protofibrils, with a thickness consistent with that of a single peptide. The fibrils never cross each other, which is a strong indication that the rearrangements and fibrillization occurred on the two-dimensional surface and that bulk peptides did not participate in the elongation process. We also analyzed the distribution of fibril lengths using five AFM images on different areas of the substrate. Figure 4D shows the normalized length distributions of the slow-spinning samples after 30 (blue) and 60 min (orange) of incubation, respectively. The length distribution right shifts and broadens as the incubation time is increased. This is consistent with the assumption that the self-assembly mechanism is through a diffusionlimited aggregation (DLA) process on the surface, 53 where the adsorbed peptides diffuse on the surface until they adhere to a cluster or to each other. In contrast to a standard DLA process, the anisotropic hydrogen bonding interactions of the peptide backbones lead to the formation of long chains instead of fractal clusters. This will be further explored in our future work.
Fibril Diffusion on the Surface Continues Even after Deposition Has Stopped. On the surface of the 30 min/1000 rpm sample, we observed interesting droplet-like patterns on the edge of the mica, as shown in Figure 5A . At the edge of the sample, the uniform film of water broke into small droplets, roughly 10À15 μm in diameter, which dried much later than the rest of the sample. The inner and outer morphologies of the droplet-like patterns were quite different, as shown in Figure 5B . Long, randomly distributed protofibrils can be found everywhere outside the droplets, but parallel-packed bundles of protofibrils can only be seen within the droplets. The difference between the morphologies indicates that, similar to the individual peptides, the protofibrils also diffuse on the surface, even after peptide deposition has stopped. The protofibrils bundle into longer and more packed protofibrils, potentially due to hydrophobic interactions. However, the detailed mechanism of this process merits further studies and will be addressed in the future.
CONCLUSIONS
In summary, we have observed that surfacemediated self-assembly of peptides, due to adsorption ARTICLE and diffusion of peptides on the surface, can lead to the rapid formation of protofibrils even with low bulk concentrations. The morphologies of the fibrils strongly depend on the number density of the peptides on the surface, which in turn depends on the deposition and diffusion rates of the peptides. Using a spin-coating process, we were able to control the fibril formation rates and final morphologies of the fibrils on the surface. We have shown that protofibrils can be made on the surface homogeneously, and the slowspinning data are consistent with the trend of morphology transitions in the phase diagram. This simple, but reliable technique will allow us to systematically study specific interactions that lead to rapid fibril formation on the surface by using various peptides, buffer conditions, and substrate systems, including larger amyloidogenic proteins such as R-synuclein and more physiologically relevant surfaces such as lipid monolayers. It will also allow us to explore the effect of common protein labels such as fluorophores on aggregation rates and morphologies. Most importantly, our work highlights the need for concern that aggregate morphologies observed using surface imaging techniques may not accurately reflect the populations and structures in solution. Our continued work in this area will further delineate the role of surface effects so that the biochemistry community may better understand how to interpret AFM data in protein misfolding studies.
MATERIALS AND METHODS
Sample Preparation. The synthetic Aβ 12À28 peptide was purchased from rPeptide with high purity, >95%, and directly used without further purification. We dissolved Aβ 12À28 in 1% NH 4 OH (aq) at a concentration of 1 mg/mL. Once dissolved, the solution was sonicated for 2 min and then diluted with Milli-Q water to a concentration of either 1 or 10 μM. The samples were filtered with a 0.22 μm PTFE membrane syringe filter to eliminate large aggregates and then incubated at room temperature without agitation for 2 days. As such, the real concentration was expected to be lower than the reported values. Before preparing dried samples, the 10 μM sample solution was diluted to 3.33 or 6.67 μM by placing 1 or 2 drops of water on the substrate. A 1 μM sample solution was prepared following the same procedure and diluted to 0.33 and 0.67 μM.
Spin-Coating Process. The 10 μM sample solution was used to prepare all spun-cast samples. Three droplets of sample solution were deposited on the mica substrate and incubated for 0, 30, or 60 min and then dried using a spin-coater (WS-650 MZ-23, Laurell Technologies Corp.) with different spinning rates. The drying times for spun-cast samples at 1000 and 3000 rpm were 3 min and 30 s, respectively. However, the fast fibrillar formation reported here can be reproduced using fresh solutions with the same concentration.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Vitreous cryo-TEM samples of Aβ 12À28 were prepared for imaging as follows. A 5 μL droplet of the amyloid peptide solution (10.0 μM, incubated for 3 days) was placed on a lacy carbon-coated copper grid (Ted Pella, Inc.) in a humidity-and temperaturecontrolled environment vitrification system (Vitrobot, FEI, Inc.). The humidity was controlled at 100%, and the temperature of the chamber was 22.0°C. Then, the sample was blotted to remove excess solvent and create a thin film of the peptide on the grid surface using a À2 mm blotting force, a 1.0 s blot time, and a 10 s drain time to equilibrate any stresses in the sample caused by blotting. The resulting sample grid was vitrified by plunge freezing into liquid ethane (À183°C). A Tecnai T-12 TEM operating at 120 kV was used to obtain the cryo-TEM images in Supporting Information Figure S1 .
Atomic Force Microscopy. The dried samples were prepared by depositing three droplets of sample solution on the freshly cleaved mica surface and dried via different methods, as depicted in Figure 1 . The morphologies of nanostructures on mica were imaged using an Agilent 5500 AFM (Agilent Technologies) with a multipurpose XYZ closed-loop scanner. Rotated monolithic silicon probes with aluminum reflex coating (BudgetSensors, Tap-300G, resonance frequency ∼300 kHz, tip radius of curvature <10 nm, force constant 40 N/m) were used to record topographic, amplitude, and phase images with 512 Â 512 pixel resolution. Imaging under dry conditions allowed us to achieve high resolution in the Z dimension and observe one peptide thick protofibrils. Gwyddion and ImageJ packages were used to analyze the AFM results. Quantitative analysis methods are provided in the Supporting Information.
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